The aromatic composition of lignin is an important trait that greatly affects the usability of lignocellulosic biomass. We previously identified a rice (Oryza sativa) gene encoding coniferaldehyde 5-hydroxylase (OsCAld5H1), which was effective in modulating syringyl (S)/guaiacyl (G) lignin composition ratio in rice, a model grass species. Previously characterized OsCAld5H1-knockdown rice lines, which were produced via an RNA-interference approach, showed augmented G lignin units yet contained considerable amounts of residual S lignin units. In this study, to further investigate the effect of suppression of OsCAld5H1 on rice lignin structure, we generated loss-of-function mutants of OsCAld5H1 using the CRISPR/Cas9-mediated genome editing system. Homozygous OsCAld5H1-knockout lines harboring anticipated frame-shift mutations in OsCAld5H1 were successfully obtained. A series of wet-chemical and two-dimensional NMR analyses on cell walls demonstrated that although lignins in the mutant were predictably enriched in G units all the tested mutant lines produced considerable numbers of S units. Intriguingly, lignin c-p-coumaroylation analysis by the derivatization followed by reductive cleavage method revealed that enrichment of G units in lignins of the mutants was limited to the non-c-p-coumaroylated units, whereas grass-specific c-p-coumaroylated lignin units were almost unaffected. Gene expression analysis indicated that no homologous genes of OsCAld5H1 were overexpressed in the mutants. These data suggested that CAld5H is mainly involved in the production of non-c-p-coumaroylated S lignin units, common in both eudicots and grasses, but not in the production of grass-specific c-p-coumaroylated S units in rice.
INTRODUCTION
Lignocellulose, a complex biocomposite composed of lignin, cellulose and hemicelluloses, constitutes the secondary cell walls of vascular plants and accounts for the highest proportion of terrestrial biomass on Earth. Hence, sustainable production and utilization of lignocellulosic biomass are critical for achieving sustainable development goals (Griggs et al., 2013) . Trees and grass biomass crops are both major lignocellulose feedstocks. While the annual biomass production of typical tree species is estimated to be less than 20 t ha À1 year À1 , large-sized grass biomass crops, such as Sorghum, sugarcane, Erianthus and switchgrass, produce biomass yields several-fold higher than those of typical trees (Umezawa, 2018) . In addition, delignification of grass lignocellulose is generally easier than that of wood lignocellulose. These characteristics render grass biomass crops potential materials for biochemical and thermochemical platforms and/or combustion use, although trees are undoubtedly indispensable for woodbased materials and for pulp and paper production (Umezawa, 2018) . Lignin is a complex phenylpropanoid polymer derived from oxidative radical coupling of monolignols and related compounds (Freudenberg, 1968; Sarkanen, 1971; Higuchi, 1990; Boerjan et al., 2003; Mottiar et al., 2016) . Because lignin encrusts polysaccharides in lignocellulose, it has long been considered to be an obstacle to utilization of polysaccharide-oriented lignocellulose, including the production of pulp and paper and bioethanol. To mitigate such recalcitrance of lignin for polysaccharide utilization, many studies of lignin metabolic engineering have aimed to reduce lignin content or to alter its chemical structure (Chiang, 2006; Vanholme et al., 2008; Weng et al., 2008; Ragauskas et al., 2014; Wang et al., 2015; Mottiar et al., 2016; Rinaldi et al., 2016) . On the other hand, lignin has a higher carbon content, and thus elevated heating values, compared with those of polysaccharides, therefore lignocellulosic biomass with a high lignin content is considered to be beneficial for pellet fuel and firewood uses Umezawa, 2018) . In addition, lignin has been considered to be an important feedstock for aromatic products. However, the structural heterogeneity and complexity of lignin causes difficulties in production of aromatic feedstock from lignin because lignin depolymerization typically yields complex multi-component aromatic mixtures (Zakzeski et al., 2010; Schutyser et al., 2018) . Hence, bioengineering approaches to simplify the chemical structure of lignin are desirable to facilitate the conversion of lignin into valuable aromatic chemicals (Ragauskas et al., 2014; Rinaldi et al., 2016; Umezawa, 2018) .
The aromatic composition as well as the inter-monomeric linkage distribution of lignin primarily depends on the availability of the lignin polymerization of different monolignols biosynthesized by the cinnamate/monolignol pathway ( Figure 1 ). In eudicot and monocot grass species, lignins are mainly composed of guaiacyl (G) and syringyl (S) units derived from the polymerization of coniferyl and sinapyl alcohols, respectively, with typically much lower numbers of p-hydroxyphenyl (H) units derived from the polymerization of p-coumaryl alcohol (Boerjan et al., 2003; Vanholme et al., 2012) . In contrast to eudicot lignins, grass lignins additionally incorporate c-p-coumaroylated monolignols, that is, coniferyl and sinapyl p-coumarates, giving rise to the c-p-coumaroylated G and S lignin units that are unique to grass cell walls. A grass-specific acyltransferase, p-coumaroyl-CoA:monolignol acyltransferase (PMT), capable of monolignol acylation and conversion into c-p-coumaroylated monolignols, has been identified ( Figure 1 ) (Withers et al., 2012; Marita et al., 2014; Petrik et al., 2014) . However, the metabolic regulation of non-acylated and grass-specific c-p-coumaroylated monolignol biosynthesis remains poorly understood.
Coniferaldehyde 5-hydroxylase (CAld5H; or ferulate 5-hydroxylase, F5H), a cytochrome P450-dependent monooxygenase (CYP) classified in the CYP84 family, is a crucial enzyme demonstrated to modulate the S/G lignin composition ratio in several eudicot species (Chapple et al., 1992; Meyer et al., 1998; Humphreys et al., 1999; Osakabe et al., 1999; Franke et al., 2000; Li et al., 2003;  Abbreviations: PAL, phenylalanine ammonia-lyase; PTAL, bifunctional phenylalanine tyrosine ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumaroylCoA ligase; HCT, p-hydroxycinnamoyl-CoA: shikimate p-hydroxycinnamoyl transferase; C3 0 H, p-coumaroyl ester 3-hydroxylase; CSE, caffeoyl shikimate esterase; CCR, cinnamoyl-CoA reductase; CCoAOMT, caffeoyl-CoA O-methyltransferase; CAld5H, coniferaldehyde 5-hydroxylase (=F5H, ferulate 5-hydroxylase); CAldOMT, 5-hydroxyconiferaldehyde O-methyltransferase (=COMT, caffeic acid O-methyltransferase); CAD, cinnamyl alcohol dehydrogenase; PMT, p-coumaroyl-CoA: monolignol transferase; LAC, laccase; PRX, peroxidase. Reddy et al., 2005; Stewart et al., 2009; Anderson et al., 2015) . With regard to grasses, we recently characterized rice (Oryza sativa) transgenic lines in which the gene encoding OsCAld5H1 (CYP84A4) was down-or upregulated; RNA-interference (RNAi)-derived OsCAld5H1-knockdown (OsCAld5H1-KD) lines were significantly enriched in G lignin units over S lignin units, whereas OsCAld5H1-overexpression (OsCAld5H1-OX) lines were enriched in S lignin units . These findings, and those of a recent transgenic study of Brachypodium distachyon, an additional model grass species (Sibout et al., 2017) , suggested that CAld5H also performs a crucial role in grass lignification and shows potential for lignin manipulations to upgrade grass biomass. Notably, the knockout of the eudicot Arabidopsis fah1 mutant defective in a primary CAld5H (FAH1/CYP84A1) resulted in the production of lignins exclusively composed of G units (Chapple et al., 1992; Meyer et al., 1998) . In contrast, our RNAi-derived OsCAld5H1-KD lines, even with residual OsCAld5H1 expression levels as low as about 5% that of the wild-type level, still contained considerable numbers of S lignin units in the cell walls . The remaining S units in the OsCAld5H1-KD rice may be attributable to residual OsCAld5H1 activity or the activity of unidentified aromatic hydroxylase(s) that redundantly function together with OsCAld5H1.
In this study, we investigated the effect of complete loss-of-function of OsCAld5H1 on cell wall lignification in rice. Unfortunately, rice T-DNA or retrotransposon Tos17 insertion mutants defective in OsCAld5H1 were not available. Instead, we used the RNA-guided genome editing strategy based on the cluster regularly interspaced short palindromic repeats (CRISPR)/CRISPR associated 9 (CRISPR/Cas9) system, which has proven to be a powerful strategy for efficient targeted mutagenesis in numerous plant species including rice (Belhaj et al., 2015; Osakabe and Osakabe, 2015) . We generated OsCAld5H1-knockout (OsCAld5H1-KO) lines harboring anticipated frame-shift mutations in OsCAld5H1, and conducted detailed structural analyses of secondary cell walls in the OsCAld5H1-KO lines using wet-chemical and two-dimensional (2D) NMR methods. Similar to what we previously observed for the RNAi-derived OsCAld5H1-KD lines , considerable numbers of S lignin units are produced in the CRISPR/Cas9-derived OsCAld5H1-KO lines. Lignin c-p-coumaroylation analysis of the OsCAld5H1-KO, -KD and -OX rice lines using the derivatization followed by reductive cleavage (DFRC) method, suggested that OsCAld5H1 is mainly involved in the formation of non-c-p-coumaroylated S units, which are common in both eudicots and grasses, rather than the formation of grass-specific c-p-coumaroylated S units in rice.
RESULTS

Generation of OsCAld5H1-KO rice mutants
For the CRISPR/Cas9-mediated mutagenesis of OsCAld5H1, three single-guide RNAs (sgRNAs), namely sgRNA-a, sgRNA-b and sgRNA-c, which target different regions in the first exon of OsCAld5H1, were designed with minimum off-target potential using the CRISPR-P (Lei et al., 2014) and CasOT (Xiao et al., 2014) Figure S1 in the online Supporting Information). Approximately 20 independent T 0 seedlings, designated the OsCAld5H1-KOa, OsCAld5H1-KO-b and OsCAld5H1-KO-c populations, were raised from the transformations with the CRISPR/ Cas9 expression binary vectors (Mikami et al., 2015) harboring sgRNA-a, sgRNA-b and sgRNA-c, respectively. For genotyping, genomic DNA extracted from the transgenic plants was used for PCR amplification using a primer pair designed for each target region, followed by a PCR/restriction enzyme (PCR/RE) assay (Shan et al., 2014) or direct sequencing analysis. The anticipated OsCAld5H1 mutations were detected in all individuals of the OsCAld5H1-KO-a population tested, of which nearly half were indicated to be bi-allelic (Table 1, Figure S2 ). A high mutation efficiency (about 83%) was also observed for OsCAld5H1-KO-c populations, whereas all of the OsCAld5H1-KO-c mutants appeared to be mono-allelic (Table 1, Figure S2 ). In contrast, no mutations were detected in the OsCAld5H1-KO-b population (Table 1, Figure S2 ). Accordingly, we selected two bi-allelic OsCAld5H1-KO-a mutants (OsCAld5H1-KO-a-1 and OsCAld5H1-KO-a-9) and one mono-allelic OsCAld5H1-KO-c mutant (OsCAld5H1-KO-c-1) for further cultivation ( Figure S2 ). To examine the mutation pattern and frequency, PCR amplicons of the target regions from the biallelic OsCAld5H1-KO-a-1 and OsCAld5H1-KO-a-9 lines were subcloned and about 20 colonies for each line were sequenced. As summarized in Table 2 , although the mutation efficiencies for OsCAld5H1-KO-a-1 and OsCAld5H1-KOa-9 plants were high (about 94% and about 100%, respectively), both appeared to be chimeric mutants comprising a variety of insertion and deletion mutations (indels) as well as the non-edited wild-type sequence (Table 2) . To isolate homozygous OsCAld5H1-KO mutants, we genotyped T 1 progenies of OsCAld5H1-KO-a-9 and OsCAld5H1-KO-c-1 at the seedling stage using a direct sequencing approach. Putative homozygous individuals with a two-nucleotide deletion (d2) (OsCAld5H1-KO-a-9-1 and OsCAld5H1-KO-a-9-2) and with a one-nucleotide insertion (i1) (OsCAld5H1-KO-c-1-1 and OsCAld5H1-KO-c-1-2) were selected for further cultivation. After plant maturation, we analyzed mutation patterns and frequencies by DNA sequencing of the cloned PCR products from each individual, and confirmed that all of the tested T 1 plants harbored homozygous mutations with unique indels (Table 2) . For all individuals, we confirmed that no off-target mutations had occurred in at least the five top-ranked potential off-target sites predicted by CRISPR-P (Table S2 ). In addition, we observed that the Cas9 transgene cassette was segregated out in OsCAld5H1-KO-a-9-2, OsCAld5H1-KO-c-1-1 and OsCAld5H1-KO-c-1-2 plants as determined by genomic PCR (Table 2) . For phenotypic analysis, T 2 progenies from the transgene-free OsCAld5H1-KO-a-9-2 and OsCAld5H1-KO-c-1-2 lines were cultivated under controlled conditions in a growth chamber. Both OsCAld5H1-KO lines displayed similar morphology, tiller number and dry biomass weight, comparable to those of wild-type plants, although we observed reductions in culm length, panicle weight and spikelet fertility in both OsCAld5H1-KO lines compared with those of wild-type plants ( Figure S3 ).
Lignocellulose composition analysis
To examine the impact of OsCAld5H1 mutations on the cell wall chemotype, we performed a series of cell wall composition analyses on the extractive-free cell wall residues (CWRs) prepared from the homozygous OsCAld5H1-KO-a (OsCAld5H1-KO-a-9-1 and OsCAld5H1-KO-a-9-2), OsCAld 5H1-KO-c (OsCAld5H1-KO-c-1-1 and OsCAld5H1-KO-c-1-2) (T 1 generation) and wild-type control plants. We previously used CWRs from whole aerial parts (including the culm, leaf sheath and leaf blade) for cell wall characterization of the RNAi-derived OsCAld5H1-KD rice lines . In this study, we prepared CWRs separately from the culm and the leaf sheath because cell walls and lignin may vary in structure among organs. We observed increased lignin contents in both culms and leaf sheaths from OsCAld5H1-KO-a lines and in leaf sheath from OsCAld5H1-KO-c lines, but no significant differences in culms from the OsCAld5H1-KO-c lines compared with that of wild-type controls (Tables 3 and S3 ). Sugar analysis of culm cell walls determined no statistically significant changes in cellulosic glucan content between the OsCAld5H1-KO and wild-type culm cell walls, whereas arabinan and xylan contents showed a tendency to increase in OsCAld5H1-KO culm cell walls compared with those of wild-type controls (Table S4) . 
WT, wild-type sequence. ND, not determined.
a Mutation patterns of OsCAld5H1 at the target sites are as follows: a-1: WT, 5'-CATCCCCTGGCTCAGCTGGGCGG-3'; d5, 5'-CATCCCCTGGCTC -----GGCGG-3'. a-9 and its progeny: d2, 5'-CATCCCCTGGCTCAG --GGGCGG-3'; d5, 5'-CATCCCCTGGCT -----GGGCGG-3'; d11, 5'-CATCCCCT -----------GCGG-3'. c-1 and its progeny: WT, 5'-CTACCTCACCTACGACCGCGCGG-3'; i1, 5'-CTACCT-CACCTACGACCCGCGCGG-3'. Protospacer adjacent motifs (PAM; bold), deleted nucleotides (-) and inserted nucleotides (underlined) are highlighted.
This result suggests that arabinoxylans may be relatively augmented in the OsCAld5H1-KO culms compared with wild-type controls. We also observed that alkaline-releasable cell wall-bound ferulate (FA) showed tendency to increase in OsCAld5H1-KO culm cell walls ( Table 3 ). Given that FA is mainly attached to hemicellulosic arabinoxylans in typical grass cell walls (Ralph, 2010) , the increased FA levels in OsCAld5H1-KO culm cell walls might be associated with the increased arabinoxylans, as suggested by the sugar analysis (Table S4) . Overall, these lignocellulose composition data for the CRISPR/Cas9-derived OsCAld5H1-KO lines are in line with those previously obtained for RNAiderived OsCAld5H1-KD lines .
Lignin aromatic composition analysis by thioacidolysis and 2D NMR
To examine the impact of loss of function in OsCAld5H1 on the aromatic composition of lignins, we performed analytical thioacidolysis and 2D 1 H-13 C correlation (HSQC)
NMR analysis on OsCAld5H1-KO rice cell walls. Thioacidolysis releases H-, G-and S-type monomeric degradation products (H thio , G thio and S thio ) via cleavage of both c-free and c-acylated b-O-4 substructures in lignin polymers (Figure 2a) , and their relative abundances reflect the overall aromatic composition of b-O-4-linked H/G/S lignin units (Lapierre et al., 1986) . As anticipated from the known function of CAld5H, in all the tested genotypes and organs of the OsCAld5H1-KO lines, the proportion of G lignin-derived thioacidolysis monomer products released from cell walls was significantly increased along with reduction in the proportion of S lignin-derived monomers compared with those released from wild-type control cell walls ( Figure 2b , Table S3 ). However, similar to our previous observations on whole aerial parts of the RNAi-derived OsCAld5H1-KD rice , S lignin-derived thioacidolysis monomers were clearly detected from both culm and leaf sheath cell walls of CRISPR/Cas9-derived OsCAld5H1-KO plants. Therefore, substantial numbers of S lignin units were still produced in the mutant cell walls. The aromatic subregions of HSQC spectra of ligninenriched cell walls, which were prepared from CWRs via enzymatic polysaccharide hydrolysis (Mansfield et al., 2012; Tobimatsu et al., 2013) , displayed typical lignin aromatic signals from H, G and S units, as well as grass-specific FA, pCA and tricin (T) units (Figures 3a-c and S4a-c). Volume integrations of the well-resolved aromatic signals allowed us to estimate the relative intensity of G signals per total G and S units (G 2 + ½S 2/6 = 100%) to be approximately 44% in the culm and 79% in the leaf sheath of wildtype rice. In contrast, signals from G units were distinctly elevated up to about 65% in the culm and about 96% in the leaf sheath of , and are a typical consequence of the augmentation of G units over S units in lignins (Ralph et al., 2004) . Overall, the present thioacidolysis and 2D NMR data indicated that, although the CRISPR/Cas9-derived OsCAld5H1-KO rice plants produced cell wall lignins predictably enriched in G units, complete abolition OsCAld5H1 expression did not entirely eliminate S units.
Lignin c-p-coumaroylation analysis by DFRC
Lignin c-p-coumaroylation is an important feature of grass cell walls (Ralph, 2010) . Therefore, we examined the p-coumaroylation status of lignins in CRISPR/Cas9-derived OsCAld5H1-KO plants using the DFRC analytical method. For comparison, we also analyzed cell walls prepared from the previously generated RNAi-derived OsCAld5H1-KD and constitutive promoter-driven OsCAld5H1-OX lines . Unlike thioacidolysis, the DFRC reaction (Lu and Ralph, 1999; Petrik et al., 2014; Takeda et al., 2018) (Figure 2a) . In all culm cell wall samples of OsCAld5H1-KO and OsCAld5H1-KD plants, the relative proportion of non-c-p-coumaroylated G ligninderived products (G DFRC-OH ) was increased and, conversely, non-c-p-coumaroylated S lignin-derived products (S DFRC-OH ) were decreased compared with those of the corresponding wild-type controls (Figure 2c,d) . Interestingly, however, the proportions of c-p-coumaroylated G and S lignin-derived products (G DFRC-pCA and S DFRC-pCA ) were almost unchanged (Figure 2c (c) 
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OsCAld5H1-KO-c-1-1 Figure 2 . Lignin compositional analysis of OsCAld5H1-knockout (OsCAld5H1-KO, T 1 generation), knockdown (OsCAld5H1-KD, T 3 generation), overexpressed (OsCAld5H1-OX, T 3 generation) and wild-type (WT) rice plants. within the non-acylated lignin units, with the c-p-coumaroylated lignin units being mostly unchanged. We observed consistent results for OsCAld5H1-OX plants: whereas the proportions of G DFRC-OH and S DFRC-OH were relatively decreased and increased, respectively, the proportions of G DFRC-pCA and S DFRC-pCA were almost unchanged (Figure 2d ). This result indicated that the augmentation of b-O-4-linked S units over G units in OsCAld5H1-OX was likewise largely among the non-acylated lignin units without affecting the c-p-coumaroylated lignin units. Taken together, these data strongly suggest that OsCAld5H1 activity in rice is mainly associated with the formation of the non-c-p-coumaroylated S lignins but not of the grassspecific c-p-coumaroylated S lignins.
Gene expression analysis by real-time PCR and DNA microarray analyses
In addition to OsCAld5H1 (CYP84A5), the rice genome encodes two putative CAld5H proteins classified in the CYP84A family, namely CYP84A6 and CYP84A7 (Takeda et al., 2017), which may function redundantly with OsCAld5H1 in rice lignin biosynthesis. However, the expression levels of CYP84A6 and CYP84A7 in typical lignifying tissues of wild-type rice are low (Table 4) , and therefore neither gene is likely to play an important role in rice lignin biosynthesis, at least in the major vegetative tissues under normal developmental conditions . To test whether S lignin biosynthesis in the OsCAld5H1-KO plants was compensated by enrichment of CYP84A6 and/or CYP84A7, we determined the expression levels of CYP84A6 and CYP84A7 in the culm of OsCAld5H1-KO-a-9-2 and OsCAld5H1-KO-c-1-2 lines in the T 2 generation. Real-time PCR analysis showed that the transcript copy numbers of both CYP84A6 and CYP84A7 were unaffected in the OsCAld5H1-KO lines (Table 4) . We also examined the genome-wide gene expression profiles in the culm of wild-type and OsCAld5H1-KO-a-9-2 (T 2 generation) plants using a DNA microarray. We detected 385 genes (575 probes) and 420 genes (589 probes) that were up-and down-regulated more than two-fold (Benjamini-Hochberg false discovery rate, P < 0.1), respectively, in OsCAld5H1-KO plants compared with those in the wildtype control plants (Dataset S1). Except for OsCAld5H1, no previously identified or putative lignin biosynthetic genes were differentially expressed in OsCAld5H1-KO plants, which suggested that no significant change in the conventional lignin biosynthetic pathway in response to OsCAld5H1 deficiency was detectable at the transcription level. To determine whether other specific biological processes were differentially regulated in OsCAld5H1-KO plants, a Gene Ontology (GO) term enrichment analysis was performed on the up-and down-regulated gene sets and we observed no specific GO biological process that was significantly enriched in the OsCAld5H1-KO plants.
DISCUSSION
The target-specific genome editing strategy using the CRISPR/Cas9 system has been increasingly applied to diverse plant species for both basic research and agricultural applications (Osakabe and Osakabe, 2015) . It is known that the mutation frequency in CRISPR/Cas9-mediated mutagenesis can be influenced by several factors, including variation in the target sequence and the secondary structure of sgRNA (Ma et al., 2015; Liang et al., 2016) . In this study, to ensure successful generation of OsCAld5H1-KO plants, we designed three CRISPR/Cas9 constructs harboring different sgRNAs that targeted different genomic regions in the first exon of OsCAld5H1. We observed that two of the three CRISPR/Cas9 constructs successfully edited the targeted regions with high efficiencies, whereas the remaining construct failed to yield edited plants (Table 1) . Consequently, we isolated several independent homozygous lines with small indels in the different OsCAld5H1 genomic regions. These indels caused frame-shift mutations, leading to the loss of the CYP conserved motifs, including the critical oxygen-and heme-binding domains (Chapple, 1998) (Figure S5 ). With such frame-shift mutations, so-called illegitimate translation initiated from an in-frame ATG downstream from the mutation site may occur, consequently producing an N-terminal-deleted mutant protein (Makino et al., 2016) . However, as further discussed in the Supporting Information (Figure S6) , multiple alignment analysis showed that even if such illegitimate translations were operative in the present OsCAld5H1-KO lines all of the potential mutant proteins lacked CYP conserved domains essential for precise CAld5H function (Szczesnaskorupa et al., 1993; Yamazaki et al., 1993; Chapple, 1998) . Therefore, complete loss-of-function mutations of OsCAld5H1 were expected in the OsCAld5H1-KO lines generated in this study.
Lignin composition analysis by thioacidolysis and 2D NMR of cell walls from the homozygous OsCAld5H1-KO lines revealed that although G lignin units were substantially augmented in all of the tested OsCAld5H1-KO plants, their cell walls still contained considerable numbers of S lignins. This result contrasts with observations on the eudicot Arabidopsis CAld5H-deficient fah1 mutant in which cell wall lignins are essentially composed of G units with few detectable S units (Chapple et al., 1992; Meyer et al., 1998; Anderson et al., 2015) . Interestingly, additional lignin compositional analysis using DFRC demonstrated that the enrichment of G units in the CRISPR/Cas9-derived OsCAld5H1-KO and the RNAi-derived OsCAld5H1-KD lines was mainly at the expense of non-c-p-coumaroylated S units, and the proportional composition of grass-specific c-p-coumaroylated G and S units was hardly affected. The enrichment of S units over G units in the OsCAld5H1-OX lines appeared to be similarly limited to non-c-p-coumaroylated G and S units, leaving c-p-coumaroylated G and S units almost unaffected. These lignin compositional data for the OsCAld5H1 transgenic lines strongly supported our hypothesis that OsCAld5H1 may function primarily in the formation of non-c-p-coumaroylated sinapyl alcohol, whereas as-yet-unidentified alternative aromatic 5-hydroxylase(s) may play a role in the formation of grass-specific sinapyl p-coumarate for cell wall lignification in rice. It is Table 4 Transcript copy numbers of CAld5H genes in culm of wild-type (WT) and OsCAld5H1-knockout (OsCAld5H1-KO) rice plants (T 2 generation) at the heading stage
Transcript copy numbers/ng total RNA WT 887.2 AE 150.4 5.0 AE 0.6 1.6 AE 0.2 OsCAld5H1-KO-a-9-2 ND 4.9 AE 1.3
Values are means AE standard deviations of four biological replicates. ND, not determined.
unlikely that either or both of the two homologous proteins of OsCAld5H1, that is, CYP84A6 and CYP84A7, are involved in the formation of sinapyl p-coumarate, because their gene expression levels were quite low in the developing culm of both OsCAld5H1-KO and wild-type lines (Table 4) , although we cannot rule out the possibility of their involvement in lignification without characterizing transgenic plants downregulated in their functions. These observations for the OsCAld5H1 transgenic lines are reminiscent of our recent observations on rice transgenic lines in which a single gene encoding p-coumaroyl ester 3-hydroxylase (C3 0 H; Figure 1 ) was downregulated for H lignin augmentation; the augmentation of H units in C3 0 H-deficient rice was likewise largely at the expense of non-c-p-coumaroylated G and S units, whereas c-p-coumaroylated G and S units were mostly unaffected (Takeda et al., 2018) . Taken together, these results suggest that rice, and possibly other grasses, may possess parallel monolignol pathway(s) independent of C3 0 H and CAld5H activities to produce the grass-specific c-p-coumaroylated monolignols separate from the conventional non-c-p-coumaroylated monolignols. A few previous studies have also implicated the possible existence of such alternative monolignol pathway(s) or metabolic pool(s) associated with the grass-specific lignin substructures. For example, heterologous expression of a lignin-associated MYB transcriptional factor in rice increased lignin content mainly by enriching grass-specific lignin subunits, including pCA and tricin . Barros et al. (2016) identified grassspecific bifunctional ammonia-lyase (PTAL; Figure 1 ) genes preferentially involved in the formation of grass-specific pCA lignin units in Brachypodium. Although additional studies are needed to determine the monolignol pathways operative in grass lignification, our findings provide insight into the diversity of lignin metabolism in grasses, which differs substantially from that in eudicots. Regulation of S/G lignin composition has been considered to be a potent strategy for upgrading the usability of lignocellulosic biomass (Umezawa, 2018) . For example, lignins enriched in S units have high proportions of chemically susceptible b-O-4 inter-monomeric linkages and are thereby easier to remove from cell walls in the delignification processes employed in chemical pulping and biomass pre-treatments for bioethanol production (Huntley et al., 2003; Li et al., 2010; Studer et al., 2011; Ciesielski et al., 2014; Wagner et al., 2015; Shi et al., 2016) . In addition, S lignins may be beneficial to the conversion of lignin-derived aromatic chemicals because S lignins produce higher yields of aromatic monomers in chemical degradations compared with yields from G lignins (Rinaldi et al., 2016; Shuai et al., 2016; Lan et al., 2018) . On the other hand, G lignins may enhance the combustion properties of biomass as they exhibit lower degrees of lignin methoxylation and higher frequencies of carbon-carbon inter-monomeric linkages, and therefore may show greater heating values during biomass combustion compared with those of S lignins Takeda et al., 2017; Umezawa, 2018) . Overall, we consider that an advanced understanding of lignin biosynthesis unique to grasses will increase our capability to manipulate grass biomass for sustainable production of biofuels and biomass-based materials.
EXPERIMENTAL PROCEDURES Plant transformation and growth conditions
Three sgRNAs (sgRNA-a, -b and -c) targeting OsCAld5H1 were designed using the CRISPR-P (http://cbi.hzau.edu.cn/cgi-bin/ CRISPR) (Lei et al., 2014) and CasOT (Xiao et al., 2014) programs. The sgRNA-Cas9 plant expression vectors were constructed using the pZH_OsU6gRNA_MMCas9 vector as described by Mikami et al. (2015) . The oligonucleotides used for plasmid construction are listed in Table S1 . The obtained binary vectors were transformed into rice 'Nipponbare' calli via Agrobacterium tumefaciens strain EHA101 and regenerated in accordance with the methods of Hiei et al. (1994) and Hattori et al. (2012) . Regenerated plants and isolated OsCAld5H1-KO mutant lines were grown to maturity in potting soil under growth chamber conditions as described previously (Lam et al., 2017) . OsCAld5H1-KD and OsCAld5H1-OX plants (T 3 generation) were generated and grown to maturity under greenhouse conditions as described previously .
Detection of CRISPR/Cas9-induced target mutagenesis
For genotyping of the OsCAld5H1-KO mutant lines, genomic DNA was extracted from young leaves and mature culms. Genomic regions neighboring the target sites were amplified by PCR using KOD polymerase (Toyobo, http://www.toyobo-global.com/) and specific primers listed in Table S1 . The PCR products were subjected to a PCR/RE assay (Shan et al., 2014) or direct sequencing. For the PCR/RE assay, the PCR products were treated with PvuII and PvuI for transformants generated by sgRNA-a and sgRNA-b, respectively. The resultant fragments were analyzed by agarose gel electrophoresis and visualized using GelRed (Biotium, https:// biotium.com/). Direct sequencing was performed on a 3130Xl Genetic Analyzer (Thermo Fisher Scientific, http://www.thermof isher.com) using the PCR products purified by a QIAquick PCR Purification Kit (Qiagen, https://www.qiagen.com/) and specific sequencing primers (Table S1 ). To determine the patterns and/or frequencies of mutation, the PCR products were cloned into the pCR-Blunt II-TOPO vector (Invitrogen, http://www.thermofisher. com) and about 20 clones were sequenced using the M13 primer for each individual line.
Off-target analysis
Potential off-target sites were identified based on predictions by CRISPR-P (Lei et al., 2014) . The five top-ranked potential off-target sites were analyzed (Table S2) . Genomic regions neighboring each potential off-target site were amplified by PCR with the specific primers listed in Table S1 , and then subjected to direct sequencing as described above.
Cell wall preparation
The CWRs for chemical and 2D NMR analyses were prepared from mature rice tissues as described previously (Yamamura et al., 2012) . For sugar analysis, the CWRs were further destarched . For NMR, CWRs were further ball-milled and digested with crude cellulases in accordance with the method previously described (Tobimatsu et al., 2013) .
Chemical analysis
The thioglycolic acid lignin assay (Suzuki et al., 2009) , amorphous and crystalline neutral sugar analysis (Lam et al., 2017) and cell wall-bound pCA and FA content analysis (Yamamura et al., 2011) were performed in accordance with published methods. Thioacidolysis was performed following the method of Yamamura et al. (2012) . The released lignin monomers were derivatized with N,Obis(trimethylsilyl)acetamide and quantified by GC-MS (QP-2010 Plus, Shimadzu, https://www.shimadzu.com/) using 4,4 0 -ethylenebisphenol as an internal standard (Yue et al., 2012) . Performance of DFRC was in accordance with the method of Karlen et al. (2017) with slight modifications. Briefly, CWRs (about 50 mg) were brominated in acetyl bromide/acetic acid [1:4 (v/v), 4 ml] at 50°C for 2 h, followed by treatment with nano-powder zinc (Sigma-Aldrich, https://www.sigmaaldrich.com/) (150 mg) in dioxane:acetic acid: water [5:4:1 (v/v/v), 5 ml] at room temperature, 25°C for 2 h. Dichloromethane and saturated ammonium chloride (5 ml of each) were added to quench the reaction, and an internal standard (200 lg 4,4 0 -ethylidenebisphenol) was added. The obtained DFRC products were extracted with dichloromethane and evaporated. The samples were then acetylated in pyridine-acetic anhydride [1:1 (v/v), 5 ml] at room temperature for 1 h. The acetylated DFRC products were analyzed by GC-MS (QP-2010 Plus, Shimadzu) under the following conditions: electron impact mode (70 eV); ion source, 300°C; interface temperature, 250°C; injection temperature, 250°C; column, Restek RXi-5Sil MS column (30 m 9 0.25 mm, 0.25 lm film thickness) (Restek, https://www.restek.com/); GC injection liner, Topaz liner (Restek); carrier gas, helium; oven temperature, hold at 150°C for 1 min, 10°C min À1 to 300°C, hold at 300°C for 14 min. m/z 192 for H DFRC-OH , m/z 264 for G DFRC-OH , m/z 252 for S DFRC-OH , m/z 370 for G DFRC-pCA and m/z 400 for S DFRC-pCA were used to measure the response factors versus the base mass fragment (m/z 298) of 4,4 0 -ethylidenebisphenol diacetate. Calibration curves for quantification of major DFRC products were constructed using synthetic standard compounds (Lu and Ralph, 1999) 
Two-dimensional NMR spectroscopy
Lignin-enriched CWRs (about 20 mg) were dissolved in 500 ll DMSO-d 6 /pyridine-d 5 (4:1, v/v). The NMR spectra were acquired on a Bruker Biospin Avance TM III 800US system (Bruker Biospin, https://www.bruker.com/) equipped with a cryogenically cooled 5-mm TCI gradient probe. Adiabatic 2D HSQC experiments were carried out using the standard implementation ('hsqcetgpsp.3') with the parameters described by Mansfield et al. (2012) . Data processing and analysis was conducted using Bruker TopSpin 3.1 (Bruker Biospin) and the central DMSO solvent peaks (d C /d H : 39.5/ 2.49 ppm) were used as an internal reference. The HSQC plots were obtained with typical matched Gaussian apodization in F2 and squared cosine-bell apodization and one level of linear prediction (32 coefficients) in F1. For volume integration, linear prediction was turned off and no correction factors were used. For integrations of lignin aromatic signals (Figures 3a-c and S4a-c), C 2 -H 2 correlations from G units and C 2 -H 2 /C 6 -H 6 correlations from S units were used, and the S integrals were logically halved. For integrations of lignin inter-monomeric linkages (Figures 3d-f and S4d-f), well-resolved Ca-Ha contours from I, I 0 , II, II 0 , III and III 0 units were used, and III and III 0 integrals were logically halved.
Real-time PCR and microarray analysis
Total RNA was extracted from the culm at the heading stage as described previously (Koshiba et al., 2013) . Transcript copy numbers of OsCAld5H1, CYP84A6 and CYP84A7 were determined as described previously using an Applied Biosystems 7300 Real-time PCR System (Applied Biosystems, http://www.thermofisher.com) and primer pairs listed in Table S1 . A ubiquitin gene (OsUBQ5) was used as an internal control to calibrate variations in cDNA concentration, and serially diluted fulllength OsCAld5H1 cDNA and plasmids (pCR4-TOPO, Invitrogen) harboring partial cDNA inserts of OsUBQ5, CYP84A6 and CYP84A7 were used to construct standard curves. For one-color microarray analysis, 0.1 lg RNAs purified from wild-type and OsCAld5H1-KO plants were labeled using Low-Input QuickAmp Labeling Kits (Agilent Technologies, https://www.agile nt.com/). Dye incorporation and cRNA yield were checked with a NanoDrop ND-2000 spectrophotometer. Obtained cRNAs labeled with Cy3 were used for hybridization on a rice 44K oligo microarray (Agilent Technologies). Slides were scanned immediately after washing, and obtained images were analyzed with Feature Extraction 12.0.3.1 (Zahurak et al., 2007) to obtain background-subtracted and spatially detrended processed signal intensities. Processed signal intensities were normalized by the global scaling method. A trimmed mean probe intensity was determined by removing 2% of the lower and the higher ends of the probe intensities to calculate the scaling factor. Normalized signal intensities were then calculated from the target intensity on each array using the scaling factor, so that the trimmed mean target intensity of each array was arbitrarily set to 2500. The normalized signal intensities were statistically analyzed by the Benjamini-Hochberg method (Benjamini and Hochberg, 1995) using Aquatest2.air software (TAKARA Bio, Inc., http://www.takara-bio.com/). The data files are available on the Gene Expression Omnibus (GEO) website (https://www.ncbi.nlm.nih.gov/geo/) (GEO accession number GSE118090). A GO term analysis of biological process categories was performed using the DAVID v.6.8 online tool (https://david.nc ifcrf.gov/) with default settings (Huang et al., 2008) .
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